Diamond films were deposited on the cemented WC+(3-5)% Co substrates by a microwave plasma chemical vapor deposition system. The substrates were pretreated with various processing steps before diamond deposition, including: polishing, etching for Co removal, Ti coating by DC sputter, and amorphous Si coating by E-gun. The residual stress of the films was determined by both Raman shift and low incident beam angle X-ray diffraction (LIBAD) methods. The adhesion of the films was evaluated by indentation adhesion testing. The film morphology and film-substrate interface structure were examined by SEM and Auger electron spectroscopy, respectively. The results show that Ti-Si can be a good interlayer to improve film adhesion and inhibit diffusion of Co to the substrate surface on diamond nucleation. This is due to the formation of strong TiC and SiC bonding to enhance film adhesion; Si acts as a promoter for diamond nucleation, and the residual stress with application of interlayer is much lower than that interlayer-free. The results also show the existence of an optimum Ti thickness for the best film adhesion.
Introduction
develop a strong chemical bonding to increase the adhesion of the film. Diamond is known to be the hardest and most wear resistant material in the world. Therefore, one of its applications is for use as a protective coating for cutting 2. Experimental details tools. However, the major problem with this application is the poor adhesion between the film and the substrate Diamond film deposition on the interlayer-coated due to great internal stress in the films. The origins of substrates was performed by a 5 kW microwave plasma the residual stress of diamond films are from the intrinsic enhanced chemical vapor deposition system. The substress due to the non-diamond content in the films and strate [ WC+(3-5)% Co] was pretreated with the the thermal stress due to the difference in thermal following processes before interlayer deposition: expansion coefficients between the film and the substrate polishing with diamond paste; etching by [1] [2] [3] [4] . Another problem in diamond film deposition on HF:H 2 O=1:1 solution to remove Co from the substrate the sintered cutting tools, such as cemented WC subsurface; cleaning and drying. The pretreated substrate strate, is that the typical binder, Co, for the tools is was then coated with a Ti interlayer by a DC sputtering detrimental to diamond deposition [5] [6] [7] . Therefore, system, and with a Si interlayer by an E-gun. surface etching to minimize Co content on the substrate
The residual stresses of the films were assessed by surface before diamond deposition is generally adopted.
Raman spectroscopy and low incident beam angle X-ray The purpose of this study was to add Ti-Si brazing diffraction (LIBAD) methods. In general, a material alloy as an interlayer between the film and the substrate which is under tensile strain will exhibit a Raman peak to minimize the thermal stress of the films and hopefully which is shifted to lower frequency, while the Raman peak of a material undergoing a compressive strain is shifted to higher frequency. The Raman method was method, the internal stress, s, can be obtained from the following equation derived by Van Acker et al. in 1993 [8] :
where S 1 and S 2 are X-ray elastic constants; d and d o are the lattice plane spacing under stress and stress-free conditions, respectively; y is the angle between the bisector of the incident and diffracted beam and the normal to the sample surface; a is the incident beam angle; and h is the diffraction angle.
The adhesion of the films was determined by the indentation adhesion testing method, which was described in detail elsewhere [9] . The indentation load, P, versus the diameter of the cracked area, X, was recorded. The slope of the curve, dP/dX, is used as a measure of the quality of adherence between the film and the substrate. A greater value indicates a better adherence.
Results and discussion

Effect of interlayer on film growth
It is known that diamond growth depends on the deposition conditions, substrate material and its treatment. Therefore, it is expected that the application of an interlayer will have a great effect on film morphologies. Fig. 1a -c show the effect of three interlayer materials (200 nm Ti only, 300 nm amorphous Si only, and 350 nm Ti+300 nm amorphous Si) on film morphologies, respectively. It indicates that the diamond quality for the film in Fig. 1a is the worst among them, and also shows a minimum diamond nucleation density at the same deposition time, as evidenced also by a broader non-diamond Raman peak around 1550 cm−1. Fig. 1b shows the secondary nucleation phenomena. Therefore, in terms of uniformity in crystal size and diamond quality, Fig. 1c shows the best results. This may be due to the fact that Ti and Si are good carbide formers, giving strong chemical bonding between the film and the substrate, as can be evidenced from the XRD patterns of Fig. 2a,b . The crystalline Si has the same crystal structure as diamond crystal, so favors diamond nucleation, and it may be transformed from amorphous Si during the diamond deposition period. The major contributions to the residual stress in diamond films were investigated and found to be the thermal stress and intrinsic stress [1] . Therefore, a lower deposition temperature, a better diamond crystal quality and a suitable interlayer application will favor a lower residual stress. The residual stresses for the films with Ti-Si interlayer were estimated to range from −3.1 to −2.7 GPa by the Raman peak shift method, much lower than the values of −4.5 to −4.1 GPa for the films without interlayer. The negative sign indicates a compressive stress. The residual stress and Raman spectra at different Ti thickness are shown in Figs. 3 and 4 , respectively. It reveals that the films with Ti thickness from 100 to 2800 nm do not make much difference to the residual stress.
Effect of Ti thickness on residual stress of the films
The effects of Ti thickness on residual stress are also shown in Fig. 5 , estimated from the X-ray peak shift of (311) diffraction by LIBAD, assuming X-ray elastic constants:
.86× 10−3 GPa−1. Fig. 5 basically shows the same trend as The traditional pull tests failed to measure the adhesion strength of the films with Ti-Si interlayer due to a elastic constants used for stress calculations may not represent the real values for diamond films in this case.
higher strength. Therefore, the indentation adhesion interlayer. The results also indicate the existence of an optimum Ti thickness for the best adherence. No crack tests were adopted instead [10, 11] presents a SEM picture of the indented surfaces for an stress with application of interlayer is much lower than that interlayer-free. applied load of 1000 N.
(2) Within the present Ti thickness conditions (100-2800 nm), the Ti thickness has no significant 3. 4 . Interface structure between diamond film and effect on the residual stress, but there exists an substrate optimum Ti thickness for the best adhesion.
The substrate side and the diamond film side of the fractured surface were examined by Auger electron Acknowledgement spectroscopy. The results are shown in Fig. 8a and 8b 
